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Oocyte maturation (OM) is initiated in lower vertebrates and echinoderms when maturation-inducing substances (MIS) bind oocyte
membrane receptors. This study tested the hypothesis that activation of a Gi protein is necessary for MIS-mediated OM in spotted seatrout.
Addition of MIS significantly decreased adenylyl cyclase activity in a steroid specific, pertussis toxin (PTX)-sensitive manner in oocyte
membranes and microinjection of PTX into oocytes inhibited MIS-induced OM, suggesting the steroid activates a Gi protein. MIS
significantly increased [35S]GTPgS binding to ovarian membranes, confirming that MIS receptor binding activates a G-protein, and
immunoprecipitation studies showed the increased [35S]GTPgS binding was associated with Gai1-3 proteins. Radioligand binding studies in
ovarian membranes using GTPgS and PTX demonstrated that the MIS binds a receptor coupled to a PTX-sensitive G-protein. This study
provides the first direct evidence in a vertebrate model that MIS-induced activation of a Gi protein is necessary for OM. These results support
a mechanism of MIS action involving binding to a novel, G-protein coupled receptor and activation of an inhibitory G-protein, the most
comprehensive and plausible model of MIS initiation of OM proposed to date.
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Postvitellogenic, fully grown oocytes are arrested at the
first meiotic prophase prior to oocyte maturation. This arrest
is released in lower vertebrates and echinoderms upon
binding of species-specific maturation inducing substances
(MISs) to receptors located on the oocyte plasma mem-
brane. The resumption of meiosis is characterized by
germinal vesicle breakdown (GVBD), chromosome con-
densation, spindle formation and extrusion of the first polar
body (Masui and Clark, 1979). Once oocyte maturation is
complete, meiosis is again arrested at the second meiotic
metaphase and the mature oocyte (egg) is capable of
ovulation and fertilization (Masui, 1985, 2001).0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2005.06.003
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stages of oocyte maturation have been well characterized
and are conserved across species (reviewed in Masui, 1985;
Schmitt and Nebreda, 2002; Hammes, 2003). The early
signaling events initiated by MIS binding, however, are less
well described and do not appear to be as conserved.
Evidence suggests that oocyte meiotic arrest in several
species is maintained via constitutive activity of a stim-
ulatory G-protein (Gs) which stimulates adenylyl cyclase
activity to elevate cAMP levels in the oocyte (Eppig, 1991;
Kalinowski et al., 2004). It is proposed that induction of
oocyte maturation in these vertebrates is through the
inactivation of this constitutively active Gs and a subsequent
reduction in cAMP concentrations and PKA activity (Gallo
et al., 1995). Inhibition of Gs activity in Xenopus and
zebrafish oocytes was sufficient to induce GVBD in the
absence of a MIS signal (Gallo et al., 1995; Kalinowski et
al., 2003). Whether a reduction in cAMP alone is sufficient
to promote oocyte maturation, however, is not clear. Also285 (2005) 70 – 79
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whether the MIS receptor is signaling through a G-protein
and which receptor, if any, is regulating the constitutive Gs
activity in the oocytes.
Evidence from other models suggests that activation of a
G-protein is necessary for oocyte maturation. Experiments
in rainbow trout suggested that activation of a pertussis
toxin (PTX)-sensitive Gi protein is involved in the initiation
of oocyte maturation, although microinjection of these
oocytes with PTX, which inactivates Gi/o G-proteins, did
not inhibit GVBD (Yoshikuni and Nagahama, 1994).
Studies in starfish and Atlantic croaker oocytes also found
that activation of a Gi protein was necessary for maturation
and in these species microinjection of oocytes with PTX
significantly inhibited MIS-induced GVBD (Shilling et al.,
1989; Thomas et al., 2002).
The spotted seatrout (Cynoscion nebulosus) is a well-
characterized fish model of oocyte maturation. Unlike many
oocyte maturation models whose MISs are ambiguous or
unknown (Le Goascogne et al., 1985; Lutz et al., 2001;
Hammes, 2003), the naturally occurring seatrout MIS has
been identified as the progestin 17,20h,21-trihydroxy-4-
pregnen-3-one (20h-S) and its binding to oocyte plasma
membranes characterized in detail (Trant and Thomas,
1989; Thomas and Trant, 1989; Patin˜o and Thomas, 1990;
Thomas and Das, 1997; Thomas et al., 2001). This makes
seatrout an ideal model in which to study whether steroid-
mediated G-protein activation is necessary for oocyte
maturation.
The purpose of the current study was to test the
hypothesis that direct, steroid-induced activation of a Gi
protein is necessary for oocyte maturation in spotted
seatrout. We present evidence that steroid-mediated G-
protein activation significantly reduces oocyte adenylyl
cyclase activity in a steroid specific, PTX-sensitive manner.
Data also show that 20h-S is binding a receptor in oocyte
membranes that is coupled to a PTX-sensitive, inhibitory G-
protein and PTX microinjection studies indicate that
activation of this G-protein is necessary for GVBD in
spotted seatrout.Materials and methods
Chemicals
All nonradioactive steroids were obtained from Ster-
aloids (Newport, RI). Dulbecco modified Eagle Medium
with phenol red (DMEM, nutrient mixture F-12), actino-
mycin D, penicillin G, human chorionic gonadotropin
(hCG), polyclonal Gao, Gas and Gai1,2 antibodies,
guanosine 5V-diphosphate (GDP), guanosine 5V-triphosphate
(GTP), guanosine 5V-O-3-thiotriphosphate (GTPgS), phos-
phoenol pyruvate, pyruvate kinase and basic laboratory
chemicals were purchased from Sigma (St. Louis, MO).
Protease inhibitor cocktail, Protein A/G Plus-agarose beadsand Supersignal West Pico Chemiluminescent Substrate
System were purchased from Pierce Biotechnology (West-
ford, IL). The Gai3 antibody was purchased from Biomol
(Plymouth Meeting, PA). 1,2-[3H]-11-Deoxycortisol (42 Ci/
mmol) was purchased from New England Nuclear (Boston,
MA) and enzymatically converted to 20h-S as described by
Scott et al. (1982). Nicotinamide adenine[adenylate-32P]
dinucleotide ([32P]NAD, 1000 Ci/mmol), guanosine 5V-
[g-35S]triphosphate, triethylammonium salt ([35S]GTPgS,
1000 Ci/mmol) and [1,2,6,7-3H]testosterone (78.5 Ci/
mmol) were purchased from Amersham Pharmacia (Piscat-
away, NJ). All radioactivity was counted in a liquid
scintillation counter (LS 6000, Beckman Instruments,
Fullerton, CA).
Animal collection
Adult seatrout undergoing gonadal development were
collected by gill net in Redfish Bay, Aransas Pass, Texas,
during April and May. Fish were quickly removed from the
net and returned to the laboratory. Female seatrout were
anesthetized and an ovarian biopsy sample was obtained by
inserting a catheter attached to a syringe via the cloaca into
the oviduct. The average diameter of the oocytes was
determined under a binocular microscope. Oocytes with an
average diameter of 430 to 450 Am were considered fully
grown and suitable for experimentation. Fish were
humanely sacrificed by severing the spinal cord following
procedures approved by the University of Texas at Austin
Animal Care and Use Committee. The ovaries were
immediately removed, weighed and either transferred to
DMEM, pH 7.6, containing 100 mg/l streptomycin and 60
mg/l penicillin, for in vitro incubations, or frozen on dry ice
and stored at 80-C.
Oocyte membrane preparation
Ovarian tissues were placed in ice-cold homogenization
buffer (25 mM HEPES, pH 7.6, 10 mM NaCl, 10 mM
MgCl2, 1 mM dithioerythritol, 1 mM EDTA) and finely
minced. Tissue fragments were repeatedly expelled through
an 18- and then a 22-guage needle and vigorously washed
through 400 Am Nitex mesh to remove follicle cells and
immature oocytes. Removal of >90% of the follicle cells
from the final oocyte preparation was confirmed by micro-
scopy. Next, oocytes were homogenized in 2 ml of
homogenization buffer containing 10 Al protease inhibitor
cocktail with five passes through a glass Tenbroeck tissue
grinder. The homogenate was centrifuged twice at 500  g
for 5 min and the pellet discarded. The supernatant was
centrifuged at 20,000  g for 20 min and the resulting
supernatant discarded. The pellet was resuspended in 1.5 ml
of homogenization buffer and further separated over a 1.2 M
sucrose pad (1 volume pellet resuspension: 1 volume
sucrose buffer) by centrifugation at 6500  g for 45 min.
After centrifugation, the middle layer membrane fraction
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centrifuged at 20,000  g to remove residual sucrose from
the plasma membrane fraction. The final membrane pellet
was resuspended to a concentration of 1 mg total protein
per ml buffer containing 75 mM Tris–HCl, 5 mM MgCl2,
2 mM EDTA, 5 Al of protease inhibitor cocktail and frozen
at 80-C.
Measurement of adenylyl cyclase activity
Defolliculated seatrout oocyte membrane preparations
(oocyte membranes) were thawed on ice. Ten micrograms of
oocyte membranes were incubated on ice with assay buffer
containing 0.1 mM ATP, 5 nM GTP, 0.25 mM phosphoe-
nolpyruvate, 10 Ag pyruvate kinase, 1 mM IBMX and 290
nM 20h-S, cortisol, testosterone or vehicle (0.01% ethanol)
in a final volume of 100 Al. Incubations were initiated with
the addition of the oocyte membranes to the assay buffer.
Cyclic AMP production was measured at 0, 1, 5, 10, 15 and
30 min intervals. Incubations were terminated by boiling the
samples for 5 min. Samples were centrifuged for 15 min at
12,000  g and the supernatant collected. The cAMP
concentration of the supernatants was measured using a
cAMP EIA kit according to the manufacturer’s instructions
(Biomedical Technologies Inc., Stoughton, MA).
Pertussis toxin activation
Pertussis toxin (50 Ag) was resuspended in 100 Al of
buffer containing 10 mM NaCl and 2 mM sodium
phosphate, pH 7.0. Pertussis toxin was activated by
incubation with 50 mM DTT at 35-C for 30 min. Pertussis
toxin was heat-inactivated by further incubation for 15 min
at 100-C. To confirm activation of the toxin, defolliculated
oocyte membranes (10 Ag) were resuspended in assay buffer
containing 75 mM HEPES, pH 7.6, 25 AM NAD, 10 mM
MgCl2, 10 AM thymidine and 5 Al of protease inhibitor
cocktail (PTX buffer). Membranes were incubated with 10
ACi [32P]NAD in a final volume of 50 Al for 30 min at 18-C
in the presence of 12 Ag of activated or heat-inactivated
PTX. Reactions were terminated by the addition of 2X SDS
sample buffer and boiling for 5 min. Proteins were separated
on two, 12% SDS-PAGE gels and transferred to nitro-
cellulose membranes. To detect [32P]ADP-ribosylated pro-
tein bands, one nitrocellulose membrane was exposed to X-
ray film for 18 h. To determine if Gai protein in the oocyte
membranes was ADP-ribosylated by the activated PTX, the
second nitrocellulose membrane was blocked with 5%
Carnation milk in Tris buffered saline containing 0.5%
Tween (TBS-T) for 1 h at room temperature and incubated
with a polyclonal anti-Gai1,2 antibody (1:5000) overnight at
4-C. The membrane was washed 3 times for 5 min each and
incubated for an additional 1 h at room temperature with
horseradish peroxidase (HRP) labeled anti-rabbit secondary
antibody (1:12000). The membrane was developed using
the Supersignal West Pico Chemiluminescent SubstrateSystem according to the manufacturer’s instructions and
exposed to film for 15 s.
Effect of pertussis toxin on oocyte adenylyl cyclase activity
Oocyte membranes were thawed on ice, centrifuged for
15 min at 12,000  g at 4-C and the resulting pellet
resuspended to a concentration of 1 mg of protein per ml
in PTX buffer. Oocyte membranes were incubated for 30
min at 18-C with either 12 Ag of activated PTX, 12 Ag of
heat-inactivated PTX or buffer alone and then transferred
to ice for 15 min. Adenylyl cyclase activity in PTX-treated
and control oocyte membranes, in the presence or absence
of 290 nM 20h-S, was measured at 5 min as described
above. The cAMP concentration of the resulting super-
natants was measured using a cAMP EIA kit according to
the manufacturer’s instructions (Cayman Chemical, Ann
Arbor, MI).
Effect of pertussis toxin on oocyte maturation
Ovarian tissue was collected from reproductively mature
female seatrout as described above and placed in DMEM
supplemented with antibiotics. Ovarian fragments contain-
ing approximately 100 follicles were incubated in 24-well
culture plates in 1 ml DMEM containing 15 units hCG for
9 h at 24-C (priming). Individual, fully developed seatrout
follicles were manually separated from the ovarian frag-
ments and incubated for an additional hour in DMEM
containing 15 units per ml hCG. Undamaged oocytes were
selected using a dissecting microscope, transferred to fresh
DMEM without hCG and used in the microinjection assay.
Oocytes were microinjected with 1.1 nl (0.53 ng, 3% oocyte
volume) activated PTX, heat-inactivated PTX or buffer
using the technique described by Hiramoto (1962). Total
injection time was 90 min. After microinjection, oocytes
were transferred to fresh DMEM containing 290 nM 20h-S
and incubated for an additional 12 h at 24-C. After 12 h, the
oocytes were scored for completion of GVBD, the first
easily identifiable event in OM, using the method described
by Trant and Thomas (1988).
[35S]GTPcS membrane binding assay
Seatrout ovarian tissue (2 g) was thawed on ice in 15 ml
of buffer containing 25 mM HEPES, pH 7.6, 10 mM NaCl,
10 mM MgCl2, 1 mM dithioerythritol and 1 mM EDTA.
Ovarian tissue was homogenized using a Polytron Tekmar
Tissuemizer at setting 7 for 15 s followed by 5 passes with a
Tenbroeck tissue grinder. Ovarian plasma membranes were
then isolated as described above. The final membrane pellet
(ovarian membranes) was resuspended at a concentration of
1 mg total protein per ml of buffer containing 50 mM Tris–
HCl, pH 7.6, 5 mM MgCl2, 100 mM NaCl, 0.6 mM EDTA,
1 mM CaCl2, 0.1% bovine serum albumin (BSA) and 10 Al
protease inhibitor cocktail (binding buffer).
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or without 12 Ag of activated PTX for 5 min at room
temperature, then further preincubated with 1 AM GDP and
1 nM [35S]GTPgS (total binding) or 1 AM GDP, 0.1 AM
GTPgS and 1 nM [35S]GTPgS (nonspecific binding) in a
total volume of 2 ml of binding buffer for 20 min at 18-C.
The membranes were then aliquoted to microcentrifuge
tubes containing either 290 nM 20h-S, cortisol or vehicle
(0.01% ethanol) and incubated for an additional 30 min at
4-C. The reactions were terminated by the addition of 750
Al of binding buffer containing 0.1 mM GDP and 0.01 mM
GTPgS. A 250 Al aliquot from each treatment was filtered
through a GF/B Whatman filter, washed with 12 ml of
binding buffer lacking BSA and [35S]GTPgS binding to the
ovarian membranes was quantified.
Immunoprecipitation of [35S]GTPcS
For immunoprecipitation studies, [35S]GTPgS ovarian
membrane binding reactions were terminated by the
addition of 750 Al of binding buffer containing 0.1 mM
GDP and 0.01 mM GTPgS as described above and
centrifuged at 12,000  g for 15 min at 4-C. The resulting
membrane pellet was resuspended in buffer containing 25
mM Tris–HCl, pH 7.6, 150 mM NaCl, 5 mM EDTA, 1%
Triton-X 100 and 0.1% SDS (solubilization buffer) and
incubated with gentle shaking for 1 h at 4-C. To reduce
nonspecific binding, solubilized membranes were preincu-
bated with 50 Al Pansorbin cells (Calbiochem, San Diego,
CA) and 5 Al of nonimmune rabbit serum with shaking for 1
h at 4-C. The reactions were centrifuged for 15 min at
12,000  g and the supernatant transferred to a fresh
microcentrifuge tube. Polyclonal Gai1,2, Gai3, Gas antibody
(1:100) or 5 Al of nonimmune rabbit serum were added to
each treatment and the reactions incubated with shaking
overnight at 4-C. Protein A/G Plus-agarose beads were
added (50 Al) and samples were further incubated for an
additional 4 h with shaking at 4-C. Protein A/G Plus-
agarose beads were centrifuged and washed 3 times with
buffer containing 50 mM HEPES, pH 7.4, 100 mM NaCl,
50 mM Na2HPO4, 100 AM NaF, 1% Triton-X 100 and 0.1%
SDS. The final pellet was resuspended in 50 Al of 0.5%
SDS, boiled for 5 min and [35S]GTPgS binding quantified
using a liquid scintillation counter.
Radioligand binding assays
Ovarian membranes were thawed on ice. For the PTX
binding assay, plasma membranes were pelleted and
resuspended in PTX buffer. Membranes were preincubated
with either 10 AM GTPgS or 12 Ag of activated PTX for 20
min at 18-C. Specific 20h-S and testosterone binding to the
plasma membranes was measured as described in Patin˜o and
Thomas (1990). Briefly, [3H]20h-S, either 8 or 16 nM, or 5
nM [3H]testosterone (GTPgS binding assay) and 8 nM
[3H]20h-S or 5 nM [3H]testosterone (PTX binding assay)were added to total binding and nonspecific binding tubes.
For nonspecific binding, 1000 fold excess cold steroid was
added to the reaction. Samples were incubated for 30 min at
4-C and then bound and free steroid was separated by
filtration using Whatman GF/B filters. Radioactivity on the
filters was measured using a liquid scintillation counter and
specific steroid binding calculated.
Statistical analyses
Values are reported as means T SEM and were analyzed
using GraphPad Prism software (Version 3.02, GraphPad
Prism Software, San Diego, CA, http://www.graphpad.
com). Results were analyzed by one-way random analysis
of variance (RM-ANOVA) with Dunnett’s multiple compa-
rison test and significance reported as P < 0.05 (*), P < 0.01
(**) and P < 0.001 (***).Results
Adenylyl cyclase activity in oocyte membranes was
significantly reduced by treatment with 20b-S
To determine whether 20h-S binding alters adenylyl
cyclase activity, seatrout oocyte membranes were treated
with various steroid hormones and cAMP production was
measured over incubation periods of 1 to 30 min. Addition
of 290 nM 20h-S significantly reduced adenylyl cyclase
activity within 1 min and for up to 5 min, as compared to
control membranes with no steroid added (Fig. 1A). This
effect of 20h-S on adenylyl cyclase activity was specific to
the progestin. Addition of 290 nM cortisol, a C21 steroid
that does not bind the 20h-S receptor or promote GVBD,
and testosterone, a potential MIS in amphibians (Le
Goascogne et al., 1985), did not decrease cAMP production
in the oocyte membranes.
To examine whether 20h-S acts through a PTX-sensitive
G-protein to decrease adenylyl cyclase activity, cAMP
production was measured in oocyte membranes pretreated
with activated or heat-inactivated PTX. Pretreatment of
ooctye membranes with activated PTX, but not heat-
inactivated PTX, blocked the effect of 20h-S on adenylyl
cyclase activity (Fig. 1B). Pretreatment of oocyte membranes
with activated PTX slightly, though significantly, increased
adenylyl cyclase activity when compared to untreated,
control membranes, suggesting a level of constitutive
PTX-sensitive G-protein activity in the membranes.
Microinjection of pertussis toxin into spotted seatrout
oocytes blocked GVBD
Having established that 20h-S binding to its oocyte
membrane receptor decreases adenylyl cyclase activity in a
PTX-sensitive manner, we next determined whether activa-
tion of a PTX-sensitive G-protein is necessary for GVBD in
Fig. 1. Treatment of seatrout ovarian membranes with 20h-S significantly
reduced adenylyl cyclase activity and the effect was reversed by pretreat-
ment of the membranes with activated pertussis toxin. (A) Treatment with
20h-S specifically and significantly reduced adenylyl cyclase activity in
isolated seatrout oocyte membranes within 1 min and for up to 5 min
compared to control membranes. Cyclic AMP production was measured at
1, 5, 10, 15 and 30 min time points in unstimulated oocyte membranes
(Control) or oocyte membranes stimulated with 290 nM 20h-S, cortisol or
testosterone (20h-S, Cortisol, Testosterone). Data are reported as mean
pmol cAMP produced per mg protein per min T SEM (n = 4). (B) The
inhibitory effects of 20h-S on adenylyl cyclase activity in seatrout oocyte
membranes were abolished by pretreatment of the membranes with
activated pertussis toxin. Cyclic AMP production was measured in
untreated, pertussis toxin-treated (PTX) or heat-inactivated pertussis
toxin-treated (hiPTX) oocyte membranes after a 5 min incubation with
vehicle (Control) or 290 nM 20h-S (20h-S). Data are reported as mean
pmol cAMP produced per mg protein + SEM (n = 4). (***) P < 0.001,
compared to control membranes by one-way RM ANOVA with Dunnett’s
multiple comparisons test.
Fig. 2. Microinjection of activated pertussis toxin into primed seatrout
oocytes significantly inhibited GVBD. Individual, primed seatrout follicles
were microinjected with 1.1 nl (0.53 ng, 3% oocyte volume) activated
pertussis toxin (20h-S + PTX), heat-inactivated pertussis toxin (20h-S +
hiPTX) or buffer (20h-S + buffer), incubated for 12 h in DMEM
containing 290 nM 20h-S and scored for GVBD. Uninjected, primed
oocytes were incubated with (20h-S) and without (Control) 20h-S in
parallel as controls. Data are reported as mean percent GVBD + SEM (n = 5
individual female seatrout). Numbers in parentheses above the bars are the
total number of oocytes used in the experiment. (***) P < 0.001 compared
to buffer microinjected oocytes by one-way RM ANOVA with Dunnett’s
multiple comparisons test. Inset shows a mature (left) and immature (right)
seatrout follicle.
Fig. 3. Presence and ADP-ribosylation of Gai1,2 protein in seatrout oocyte
membranes. Oocyte membranes were pretreated with 12 Ag of activated
pertussis toxin or heat-inactivated pertussis toxin for 30 min in the presence
of 10 ACi [32P]. (A) [32P]ADP-ribosylation of a ¨43 kDa protein band was
detected in autoradiographs of oocyte membranes treated with activated
pertussis toxin, but not heat-inactivated pertussis toxin. Ten micrograms of
protein from each treatment was resolved on a 12% SDS-PAGE gel,
transferred to a nitrocellulose membrane and the membrane exposed to X-
ray film. Lane 1, oocyte membranes incubated with heat-inactivated
pertussis toxin (Control). Lane 2, oocyte membranes incubated with
activated pertussis toxin (PTX). (B) Ten micrograms of protein from each
treatment was subjected to immunoblotting using a polyclonal Gai1,2
antibody that recognized a ¨43 kDa protein band corresponding to the ¨43
kDa band [32P]-ADP-ribosylated in (A). Data are representative of 5
independent ADP-ribosylation experiments.
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cantly inhibited GVBD in seatrout oocytes by approximately
82% compared to the buffer injected controls (Fig. 2). There
was no significant difference in the percent of oocytes
undergoing GVBD in buffer injected versus heat-inactivated
PTX injected oocytes. Germinal vesicle breakdown was not
observed in primed oocytes incubated without steroid
(Control), confirming that the follicles were not over-primed.
Over-priming results in in vivo steroid production in the
follicles and GVBD in the absence of exogenous steroid
addition. Incubations were continued for an additional 12 h
(24 h total) to determine whether GVBD was inhibited or
simply delayed. None of the oocytes underwent GVBD after
the initial 12 h 20h-S incubation.
ADP-ribosylation studies were performed to confirm that
the PTX was activated and that Gai protein in the oocyte
membranes was a substrate for the activated toxin. The
autoradiograph in Fig. 3A shows specific ADP-ribosylation
of a ¨43 kDa protein band only in the activated PTXtreatment (Fig. 3A, lane 1 versus lanes 2). Immunoblot
analyses confirmed the presence of a ¨43 kDa protein in the
oocyte membranes that was recognized by a polyclonal anti-
Gai1,2 antibody (Fig. 3B) that corresponded to the ADP-
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shown in Fig. 3A.
20b-S significantly increased activation of Gai1-3 proteins in
spotted seatrout ovarian membranes
Binding of GTPgS to plasma membranes in response to
the addition of ligand is indicative of G-protein activation
(reviewed in Harrison and Traynor, 2003). To examine
whether 20h-S stimulates GTPgS binding to seatrout ovarian
membranes, GTPgS radionucleotide binding assays were
performed. The addition of 290 nM 20h-S to control
membranes significantly increased [35S]GTPgS binding by
approximately 33% (Fig. 4A). Binding of [35S]GTPgS was
reduced in PTX-pretreated membranes compared to control
membranes and the effect of 20h-S on [35S]GTPgS binding
was abolished. This data, in addition to the adenylyl cyclasedata presented in Fig. 1, suggest some degree of constitutive
PTX-sensitive G-protein activity in ovarian membranes.
In order to quantify the magnitude of the receptor–
agonist-induced [35S]GTPgS/GDP exchange and to identify
which G-proteins were activated by 20h-S, immunopreci-
pitation experiments using Ga subunit directed antibodies
were performed. Significantly more [35S]GTPgS was
immunoprecipitated from 20h-S-treated membranes with
the Gai1,2 and Gai3 antibodies than with Gas antibody or
nonimmune rabbit serum (Fig. 4B). The presence of Gai1-3
and Gas proteins in isolated oocyte plasma membranes was
confirmed by immunoblotting (Fig. 4C).
The 20b-S receptor in spotted seatrout ovarian membranes
is coupled to a G-protein
Previous studies have shown that the ligand affinity of G-
protein coupled receptors is negatively regulated by guanine
nucleotides either through a reduction in receptor–G-
protein coupling that precludes high affinity agonist binding
or by reducing the number of binding sites on the membrane
(Birnbaumer et al., 1990; Orchinik et al., 1992). Activation
of G-proteins in the presence of nonhydrolyzable guanine
nucleotide forms including GTPgS and Gpp(NH)p pro-
motes long-term G-protein activation. This reduces the pool
of inactive G-protein heterotrimers available to couple to
receptors and reduces G-protein coupled receptor ligand
affinity (Orchinik et al., 1992; Chidiac, 1998). To test the
hypothesis that [3H]20h-S binding in seatrout ovarian
membranes is sensitive to negative regulation by GTPgS
and that the 20h-S receptor in ovarian membranes is
coupled to a G-protein, radioligand binding studies were
performed. Specific [3H]20h-S binding in seatrout ovarianFig. 4. G-protein activation was increased in isolated seatrout ovarian
membranes treated with 20h-S. (A) Treatment of isolated seatrout ovarian
membranes with 290 nM 20h-S, but not vehicle or cortisol, significantly
increased the percent [35S]GTPgS binding to the membranes and this effec
was abolished by pretreatment of the membranes with pertussis toxin
Seatrout ovarian membranes were preincubated for 5 min with buffer only
or activated pertussis toxin (PTX) and then further preincubated with
[35S]GTPgS for 20 min. Pretreated membranes were then incubated for 30
min with vehicle only (Control) or 290 nM 20h-S or cortisol (20h-S
Cortisol). Bars represent mean percent change in specific [35S]GTPgS
binding to ovarian membranes compared to control membranes + SEM (n =
4). (B) Treatment of seatrout ovarian membranes with 290 nM 20h-S
significantly increased the percent [35S]GTPgS immunoprecipitated with
Gai1-3 antibodies but not Gas antibody or nonimmune rabbit serum
Ovarian membranes were preincubated with 8 nM [35S]GTPgS for 20 min
and then further incubated with either vehicle (Control) or 290 nM 20h-S
(20h-S) for 30 min at 4-C. Membranes were solubilized and incubated
overnight with either 5 Al of nonimmuine rabbit serum (Rabbit) o
polyclonal Gai1,2, Gai3 or Gas antibodies (1:100). Solubilized membranes
were further incubated with 50 Al of Protein A/G Plus-agarose beads for 4
h. Bars represent the mean percent increase in specific [35S]GTPgS binding
to Ga subunits + SEM (n = 4). (*) P < 0.05 compared to contro
membranes by one-way RM ANOVAwith Dunnett’s multiple comparisons
test. Statistical analyses were performed prior to normalization of the data
(C) Immunoblot confirming the presence of Gai1,2, Gai3 and Gas proteins
in isolated seatrout oocyte membranes (2 Ag total protein loaded per lane)t
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AM GTPgS by an average of 32% (8.2 pmol versus 5.8
pmol (8 nM [3H]20h-S) and 18 pmol versus 12 pmol (16
nM [3H]20h-S, Fig. 5A)), providing initial evidence in
support of the hypothesis.Fig. 5. The 20h-S receptor is coupled to a pertussis toxin-sensitive G-
protein. (A) Pretreatment of seatrout ovarian membranes with GTPgS
significantly reduced specific [3H]20h-S binding to the membranes.
Ovarian membranes were preincubated with (GTPgS) or without (Control)
10 AM GTPgS for 20 min and then incubated for an additional 30 min with
[3H]20h-S (8 and 16 nM). (B) Pretreatment of seatrout ovarian membranes
with pertussis toxin significantly reduced specific [3H]20h-S binding to the
membranes. Ovarian membranes were preincubated with (PTX) or without
(Control) 12 Ag activated PTX for 20 min and then incubated with 8 nM
[3H]20h-S for an additional 30 min. (C) Pretreatment of seatrout ovarian
membranes with GTPgS or activated pertussis toxin had no effect on
specific [3H]testosterone binding to the membranes. Ovarian membranes
were preincubated with buffer only (Control), 10 AM GTPgS (GTPgS) or
12 Ag activated pertussis toxin (PTX) for 20 min and then incubated for an
additional 30 min with 5 nM [3H]testosterone. In all experiments,
nonspecific binding was measured by the addition of 1000-fold excess
cold steroid in a parallel set of reactions. Samples were filtered onto a GF/
B Whatman filters and radioactivity incorporated into membranes was
measured using a liquid scintillation counter. Bars are mean pmol specific
[3H]20h-S or [3H]testosterone binding per mg protein + SEM (n = 5). (*)
P < 0.05 compared to control membranes by Student’s t test.The 20b-S receptor in spotted seatrout ovarian membranes
is coupled to a pertussis toxin-sensitive G-protein
Treatment of cells or isolated membranes with PTX
permanently inactivates and uncouples Gi/o proteins from
their receptors (West et al., 1985), decreasing receptor
ligand affinity in a manner similar to that observed with
guanine nucleotides (Yoshikuni and Nagahama, 1994;
Tucker et al., 2000). To test the hypothesis that PTX-
catalyzed ADP-ribosylation of Gi proteins in seatrout
ovarian membranes decreases specific [3H]20h-S binding
and to identify the nature of the G-protein mediating the
20h-S signal, radioligand binding assays were performed. In
PTX-treated ovarian membranes, specific [3H]20h-S bind-
ing was decreased by 74% compared to control oocyte
membranes (2.3 pmol versus 0.61 pmol, Fig. 5B). In order
to test the specificity of GTPgS and PTX on 20h-S
receptor binding affinity, specific [3H]testosterone binding
to seatrout ovarian membranes was measured under the
same conditions. There was no effect of GTPgS or PTX
on specific [3H]testosterone binding (Fig. 5C) indicating
that the androgen receptor in seatrout ovarian membranes
is not coupled to a G-protein. Together, results from the
GTPgS and PTX binding studies indicate that the 20h-S
receptor in seatrout ovarian membranes is coupled to a
PTX-sensitive G-protein.Discussion
The results presented here indicate that G-protein
activation is necessary for MIS-mediated GVBD in spotted
seatrout oocytes. Further, they provide evidence that the
20h-S receptor in seatrout oocyte membranes is coupled to a
pertussis toxin-sensitive G-protein and that ligand binding
of this receptor results in a rapid, transient decrease in
cAMP and GVBD. Together, these data provide the most
comprehensive evidence to date in a vertebrate model that
activation of a PTX-sensitive G-protein upon binding of a
naturally-occurring MIS to the oocyte membrane is neces-
sary for GVBD.
The demonstration that treatment of isolated seatrout
oocyte membranes with 20h-S caused a significant and
transient decrease in adenylyl cyclase activity that was
specific for the progestin and PTX sensitive provided initial
evidence for MIS-mediated inhibitory G-protein activation.
Previous work in several fish species has shown a decrease
in oocyte cAMP concentrations in response to treatment
with MIS (Jalabert and Finet, 1986; Haider and Chaube,
1995) and in rainbow trout this response was indirectly
attributed to activation of a Gi protein (Yoshikuni and
Nagahama, 1994). However, the cAMP response in rainbow
trout was not found to be transient (Yoshikuni and
Nagahama, 1994), as seen in the current study, and the
steroid-specificity or the effect of PTX on the MIS-induced
cAMP response has not been previously tested in any fish
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decrease adenylyl cyclase activity but the response is via
an unknown mechanism unrelated to Gi activation (Sadler et
al., 1984; Lutz et al., 2001).
The finding that addition of 20h-S to seatrout oocyte
membranes significantly increases specific [35S]GTPgS
binding to the membranes, which is indicative of G-protein
activation (Barr and Manning, 1999), and does so in a
PTX-sensitive manner, also suggests that 20h-S activates
PTX-sensitive G-proteins in the oocyte. Further, immuno-
precipitation experiments confirmed that the increase in
[35S]-GTPgS binding was specifically associated with
Gai1-3 proteins. Interestingly, pretreatment of control (non-
steroid-treated) seatrout ovarian membranes with activated
PTX decreased the amount of specific [35S]GTPgS binding
which suggests a degree of constitutive Gi/o activity in the
membranes.
Further evidence that G-protein activation is required for
MIS induction of oocyte maturation in seatrout was
obtained using an in vitro GVBD bioassay. The demon-
stration that microinjection of activated PTX significantly
inhibits 20h-S-induced oocyte maturation in seatrout con-
firms previous results in a closely related species, Atlantic
croaker, the only other vertebrate model identified to date in
which microinjection of activated PTX into oocytes
consistently and significantly inhibits GVBD (Thomas et
al., 2002). Gi/o proteins are thought to also be involved in
rainbow trout oocyte maturation; however, microinjection of
up to 1000 ng/ml PTX into primed oocytes did not inhibit
GVBD, possibly due to high yolk protein concentrations
that prevented diffusion of the toxin throughout the oocyte
(Yoshikuni and Nagahama, 1994). The only other MIS
shown to induce oocyte maturation via activation of a PTX-
sensitive G-protein is 1-methyladenine, the MIS in starfish
(Tadenuma et al., 1992; Sadler and Ruderman, 1998). In the
case of starfish, it is the Ghg subunits of the G-protein that
mediate 1-methyladenine-induced oocyte maturation (Jaffe
et al., 1993).
Evidence from the adenylyl cyclase activity assays
showing significantly increased cAMP production in control
oocyte membranes treated with activated PTX and from
[35S]GTPgS ovarian membrane binding assays showing
significantly decreased [35S]GTPgS binding in pertussis
toxin-treated versus untreated membranes indicated that
there was a basal level of constitutive PTX-sensitive G-
protein activity in the seatrout oocytes. It is possible that the
inhibition of GVBD seen in PTX-microinjected follicles
resulted from a reduction in this basal level of Gi activity
and not from a reduction in 20h-S-mediated Gi protein
activation. However, a lack of GVBD in the priming
controls in the in vitro GVBD bioassay suggests that this
basal level of Gi activity is not sufficient to promote GVBD.
Rather, 20h-S-mediated activation of an inhibitory G-
protein is needed for induction of GVBD.
The ligand affinity of G-protein coupled receptors
decreases in the presence of guanine nucleotides eitherthrough receptor–G-protein uncoupling or from a reduc-
tion in the number of binding sites on the membrane
(Birnbaumer et al., 1990; Chidiac, 1998). Taking advant-
age of this unique characteristic of G-protein coupled
receptors, Orchinik et al. (1992) provided initial evidence
for G-protein mediation of steroid receptor signaling by
showing that specific [3H]corticosteroid binding in rough-
skinned newt neuronal membranes was significantly
reduced in the presence of GTP, GTPgS and Gpp(NH)p,
but not ATP. Whether the maturation inducing steroid
receptor in fish and amphibian oocytes is a novel steroid
receptor coupled to a G-protein or the traditional nuclear
steroid receptor localized to the plasma membrane has long
been an area of controversy in oocyte maturation studies
(Godeau et al., 1978; Ferrell, 1999; Maller, 2001; Tian et
al., 2000; Lutz et al., 2001). In the present study, results
showing that specific [3H]20h-S binding to seatrout
ovarian membranes is significantly decreased in the
presence of GTPgS or activated PTX indicate the that
20h-S receptor in oocyte membranes is coupled to a PTX-
sensitive G-protein. These results are similar to those
found in rainbow trout, where pretreatment of oocyte
membranes with either PTX or GTPgS significantly
reduced specific MIS binding (Yoshikuni and Nagahama,
1994). However, they contrast studies in Xenopus that
suggest the traditional nuclear progesterone receptor (nPR)
or nuclear androgen receptor (nAR) is responsible for
mediating MIS-induced oocyte maturation through an
unknown mechanism (Gallo et al., 1995; Tian et al.,
2000; Bayaa et al., 2000; Lutz et al., 2001).
A potential candidate for the steroid receptor mediating
20h-S induction of oocyte maturation in spotted seatrout is
the newly-identified membrane progestin receptor (mPR).
Previous work in our laboratory identified a novel cDNA in
the ovaries of spotted seatrout (mPRa) whose recombinant
protein displayed characteristics of a G-protein coupled
receptor that binds progestins (Zhu et al., 2003). Structural
analysis of the amino acid sequence suggests the mPRa has
7 transmembrane spanning domains and heterologous
expression studies using MDA-MB-231 cells indicate that
it is coupled to a PTX-sensitive G-protein. Several lines of
evidence suggest a role for the mPRa as a mediator of
seatrout oocyte maturation. Ovarian levels of the mPRa
protein increase over the 12 h spawning cycle of field-
collected spotted seatrout. In addition, the mPRa mRNA
and protein are up-regulated in seatrout ovarian follicles in
response to in vitro gonadotropin treatment during oocyte
maturation (priming, Zhu et al., 2003). Moreover, mPRa
specifically binds progestins in heterologous expression
studies (Zhu et al., 2003). Finally, clear evidence has been
obtained that the recombinant mPRa is coupled to a PTX-
sensitive G-protein to down-regulate adenylyl cyclase
activity (Zhu et al., 2003). Future studies will directly test
the hypothesis that mPRa is the receptor mediating 20h-S
induction of oocyte maturation in spotted seatrout and
related sciaenid fishes.
M.C. Pace, P. Thomas / Developmental Biology 285 (2005) 70–7978In conclusion, the results presented in the current study
indicate that 20h-S binds a novel steroid membrane receptor
in seatrout oocyte membranes that is coupled to a PTX-
sensitive, inhibitory G-protein. They further indicate that
activation of this G-protein is necessary for oocyte matura-
tion in spotted seatrout. Future studies will determine
whether it is the activated Ga-GTP subunit, the Ghg
subunits or both that are mediating the 20h-S-initiated
oocyte maturation signal. These findings provide the most
complete and plausible explanation to date in any vertebrate
model of the likely mechanism by which a naturally-
occurring MIS initiates the cascade of intracellular signaling
events leading to oocyte maturation.Acknowledgments
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